Background/Aims: We previously reported that porcine intramuscular (i.m.) preadipocytes were different from subcutaneous (s.c.) preadipocytes on cell differentiation and lipid accumulation, but the underlying mechanisms remained unknown. The paper aims to investigate the underlying mechanisms by comparing the differences between i.m. and s.c. preadipocytes in glucose utilization, lipid metabolism, and the role of BMP signaling pathway. Methods: Experiments were performed in porcine primary i.m. and s.c. preadipocytes in culture. The mRNA and protein expression patterns were determined respectively by Quantitative real-time PCR and Western blot. Cytosolic triglycerides were examined by triglyceride assay. Results: The i.m. preadipocytes consumed more glucose by expression of GLUT1 and s.c. preadipocytes mainly utilized exogenic fatty acids for lipid synthesis by expression of LPL and FAT. Meanwhile, the expression of genes related to lipogenesis and lipolysis in s.c. preadipocytes increased more quickly than those in i.m. preadipocytes. The expression patterns of the genes involved in BMP-Smad signaling pathway were consistent with those of the genes participated in adipocytes differentiation in both i.m. and s.c. preadipocytes. Exogenous BMP2 significantly increased, whereas Noggin and Compound C, remarkablely decreased the triglycerides 
Introduction
Intramuscular adipose tissue (IMAT) or intramuscular fat (IMF) is a kind of fat depot located on epimysium, perimysium, and endomysium. In farm animal, the content of IMF affects the tenderness, juiciness and flavor of pork [1] [2] [3] and is considered to be of great value in improving meat quality. In human, however, IMF is reported to be relevant to insulin sensitivity in obesity and diabetes [4] [5] [6] . It is of great economic value and medical value to disclose the metabolic feature and the mechanism involved in the development of IMF.
Due to the regional differences, the development, lipid content, and lipid metabolism of intramuscular (i.m.) adipocytes differ from those of subcutaneous (s.c.) adipocytes. It was reported that intramuscular adipose grew slower than those of subcutaneous adipose, and had the lowest lipid content than other adipose [7, 8] . Our previous study also indicated that compared with lipids accumulated in s.c. adipocytes at late stage of differentiation in vitro, less lipids were accumulated in porcine i.m. adipocytes and that the significant difference occurred on the 6th differentiation day [9] . In addition, studies on bovine adipocytes had shown that i.m. and s.c. adipocytes utilized different carbon precursors for fatty acid synthesis during lipogenesis, and had different response to dexamethasone, a typical lipogenic inducer [10, 11] . All these findings suggested that the developmental patterns and metabolism features of i.m. adipose were different from other adipose, but the underlying mechanism of these processes still remained unknown.
It is well documented that adipocytes obtain fatty acids for triglycerides synthesis in the following two ways: one is to utilize acetyl-CoA obtained from glycolysis for fatty acids de novo synthesis; the other way is to uptake exogenous fatty acids by lipoprotein lipase (LPL) and fatty acid transporters (FAT) [12] [13] [14] . Several enzymes and proteins play pivotal roles in these two processes, including glucose transporters (GLUT), acetyl CoA carboxylase (ACC), fatty acid synthase (FASN), LPL, and FAT [14, 15] . Our previous study revealed that the mRNA expression level of LPL was significantly higher in s.c. adipocytes on the 6th of differentiation day than that in i.m. adipocytes and that PDK4, a gene involved in glycolysis, was rich in i.m. adipocytes [9] . These findings suggested that these enzymes genes might account for the differences of lipid accumulation between i.m. and s.c. adipocytes. However, the expression patterns of these genes during i.m. and s.c. preadipocytes differentiation are not yet clear.
Recently, more and more studies indicated that bone morphogenetic proteins (BMPs) and BMP signaling pathway played the very important roles in adipogenesis in mesenchymal stem cells (MSCs) [16] [17] [18] [19] and in cell lines of preadipocytes [20, 21] . However, little evidence was found to support the effects of BMPs and BMP signaling pathway on the differentiation porcine preadipocytes. Interestingly, we proved that the mRNA levels of both BMP4 and BMP7 were specifically higher in i.m. adipocytes than those in s.c. adipocytes by microarray and quantitative real-time PCR in our previous study [9] , suggesting that BMPs might participate in the differentiation regulation of i.m. adipocytes. Thus, the elucidation of the role of BMP signaling pathway in the differentiation of i.m. and s.c. adipocytes may enhance the understanding of the mechanisms that regulate the development of these two kinds of cells.
In the present study, i.m. and s.c. preadipocytes obtained from neonatal Landrace pigs were induced to differentiate into mature adipocytes, and glucose utilization and glycerol release were determined to explore the lipogenesis and lipolysis. Meanwhile, the mRNA and protein expression levels of genes related to lipogenesis, lipolysis, BMP-Smad signaling pathway, and adipocyte differentiation were respectively detected by quantitative real-time PCR and western blot. Furthermore, the effects of BMPs and antagonists of BMPSmad signaling pathway on the adipogenesis of i.m. and s.c. adipocytes were investigated. Finally, by using RNA interference strategy, the influences of BMP2 and BMP4 shRNA on the expression of the genes involved in BMP-Smad signaling pathway and adipocyte differentiation were explored. Our study helps to elucidate the difference between porcine i.m. and s.c. preadipocytes in glucose utilization and lipid metabolism, reveals the role of the BMP-Smad signaling pathway, and improves our understanding the underlying mechanisms involved in the difference between i.m. and s.c. adipocytes in pigs.
Materials and Methods

Cell culture
Postnatal Landrace pigs aged of 5 to 7 days were killed via intraperitoneal injection of pentobarbital sodium (50 mg/kg bodyweight) followed by exsanguinations. Intramuscular and subcutaneous preadipocytes were isolated from longissimus dorsi muscle (LM) and subcutaneous adipose tissue (SAT) of the pigs by collagenase digestion respectively, and purified by a percoll density gradient centrifugation method as described previously [9] . The procedure was conducted in accordance with "The Instructive Notions with Respect to Caring for Laboratory Animals" issued by the Ministry of Science and Technology of the People's Republic of China. The purified cells were then seeded with a density of 3.0×10 4 cells/well or 2.0×10 5 cells/well in 24-well or 6-well plates, respectively. After 3 or 4 days, when the cells reached confluence, medium was exchanged to the adipogenic cocktail as described previously [9] , which was DMEM/ F12 (DMEM/F12, 1:1, GIBCO, Grand Island, NY, USA) containing 5% newborn bovine serum (NBS, GIBCO, Grand Island, NY, USA), 100000 U/L of penicillin sodium, 100 mg/L of streptomycin sulfate, 50 nM insulin, 50 nM dexamethasone, 50 μM oleate and 0.5 mM octanoate (penicillin sodium and streptomycin sulfate were purchased from GIBCO, Grand Island, NY, USA, whereas bovine recombinant insulin, dexamethasone, oleate and octanoate were all purchased from Sigma-Aldrich, St. Louis, MO, USA). Cells were cultured in adipogenic cocktail for 6 or 7 days. On each day of differentiation, 8 wells of cells from 24-well plates were used for triglyceride assay and culture medium were collected for glucose and glycerol assay, 6 wells of cells from 6-well plates were used for quantitative real-time PCR and 4 wells of cells were used for western blot assay.
Glucose assay
Culture medium obtained from 24-well plates on each day of differentiation was diluted in Ca 2+ , Mg 2+ -free PBS (1:5, v/v), then 50 μL of the diluted sample was used for glucose assay by using a Glucose Kit (Biosino Bio-Technology and Science Inc., Beijing, China) based on GOD-POD method [22] according to the manufacturer's protocol. Adipogenic medium that prepared at the same time but wasn't used for cell culture (un-culture medium) was also distributed in wells and incubated at the same condition with medium that used for cell culture. The glucose contents of these un-culture and culture medium were detected, and glucose utilization of cells was determined by subtracting the glucose content of the culture medium from that of the un-culture medium [23] [24] [25] . 8 wells of cells were used at each time point, and data was finally normalized by the content of total protein of cells detected by using a commercial kit (Bioteke Corporation, Beijing, China) based on bicinchoninic acid method [26] according to the manufacturer's procedure. The experiment was repeated for three times.
Glycerol assay
Glycerol content in culture medium of adipocytes served as an index of lipolysis [27] [28] [29] . To inactivate endogenous lipase, the culture medium was heated at 70 °C for 10 min, and the glycerol content of the samples were detected using a commercial kit (Beijing SINOPCR Co., LTD, Beijing, China) based on GPO Trinder reaction according to the manufacturer's protocol. Data was obtained from 8 wells of cells at each time point and normalized by the content of total protein of cells. , and 100 ng/ mL of BMP2, BMP4, and Noggin, as well as 0, 2.5, 5, and 10 μM of Compound C (recombinant human BMP2 and Noggin were purchased from Shanghai PrimeGene Bio-Tech Co.,Ltd, Shanghai, China; recombinant human BMP4 were purchased from ProSpec-Tany TechnoGene Ltd., Ness-Ziona, Israel; Compound C was purchased from Sigma-Aldrich, St. Louis, MO, USA), were used to treat the cells for 4 days, respectively. Cytosolic triglycerides were determined by a Triglyceride Kit (Biosino Bio-Technology and Science Inc., Beijing, China, based on lipase glycerol kinase enzymatic method) as described previously [9] , and 6 wells of cells were used for each concentration of different supplements.
Quantitative real-time PCR
On each day of differentiation, cells cultured in 6-well plates were harvested and total RNA of each well of cells was extracted using a TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol, and the trace amount of genome DNA was digested using RNase-free DNase I (Takara Bio Inc, Shiga, Japan). 1 μg of total RNA was reverse-transcribed using random primer N 10 (N=A, T, C or G) and murine Moloney leukemia virus reverse transcriptase (MMLV, Promega, Madison, WI, USA). Primers for genes related to glucose utilization and lipid metabolism (Table 1) were designed using Primer Premier 5 (PREMIER Biosoft, Canda). SYBR Green Real-time PCR Master Mix reagents (Toyobo Co., Ltd., Osaka, Japan) and both sense and antisense primers (200 nM for each gene) were used for real-time quantitative PCR analysis in a final volume of 20 μL. GAPDH (glyceraldehydes-3-phosphate dehydrogenase) was used as a housekeeping gene according to its stability confirmed previously [9] . The real-time PCR reactions were performed in Mx3005p instrument (Stratagene, La Jolla, CA, USA), and a melting-curve analysis was also performed for each gene to confirm the specific amplification product. The relative gene expression for each gene was calculated using the formula as described in previous report [30] 
Western blot
After RNA extraction, the protein contained in the organic phase of the Trizol reagent was extracted according to the manufacturer's protocol and the concentration of protein was detected using a commercial kit (Bioteke Corporation, Beijing, China) based on bicinchoninic acid method. Equal amounts of proteins were separated by SDS-PAGE and transferred to PVDF membranes (Millipore, Billerica, MA, USA). After blocking by 5% non-fat milk at room temperature for 2 h, the membranes were incubated with different primary antibodies, including FASN (1:500), ATGL (1:500), SREBP1 (1:500), PDK4 (1:500), PLIN (1:500), and β-actin (1:1000), at 4 °C overnight (antibodies FASN, ATGL, SREBP1, PDK4, and PLIN were all purchased from Santa Cruz, whereas β-actin was purchased from Biosen, China). Then the membranes were washed for 5×5 min in TBST buffer (150 mM NaCl, 20 mM Tris-HCl, pH 7.4, 0.05% Tween-20), and incubated with different HRP-labeled secondary antibodies at room temperature for 2 h. The blots were developed with enhanced chemiluminescence detection reagents (Beyotime Institute of Biotechnology, Jiangsu, China). The optical densities of the bands were analyzed using UVP image software.
RNA interference
Both intramuscular and subcutaneous preadipocytes were seeded in 12-well plates 24 hours before transduction with a density of 5.0×10 4 cells/well. Then culture medium was replaced by fresh culture medium containing 5 μg/mL Polybrene (Santa Cruz Biotechnology,Inc., Santa Cruz, CA, USA) and three Lentiviral Particles, BMP2 shRNA(h) Lentiviral Particles, BMP4 shRNA(h) Lentiviral Particles, and Control shRNA Lentiviral Particles (these Lentiviral particles were all purchased from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA ), respectively. Cells were incubated with the Lentiviral particles for 24 hours, and culture medium was replaced by fresh culture medium without Polybrene or virus. 2 days post-infection, cells were split 1:3 to new 12-well plates, and medium containing 4 μg/mL of Puromycin dihydrochloride (AMRESCO Inc., Solon, OH, USA) was used for selecting stable cells expressing shBMP2, shBMP4, and control shRNA when the cells reached confluence. Stable clones were then expanded and seeded in 6-well plates for gene expression analysis.
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
Statistical Analysis
The results of glucose assay represented for means of three independent experiments. 8 parallels at each time point were used in glycerol assay, whereas 6 wells of cells were used for each concentration of different supplements in triglyceride assay in one experiment. For quantitative real-time RT-PCR and western blot analysis, 6 or 4 wells of cells were used respectively in one experiment. Data was presented as means ± standard error of the mean (SEM). Statistical analysis was performed by means of Student's t test or one way analysis of variance (ANOVA) followed by Duncan's multiple range test (SAS Institute Inc., Cary, NC, USA) when appropriate and a confidence level of P<0.05 was considered statistically significant.
Results
The differences of lipid metabolism and glucose utilization between porcine i.m. and s.c. preadipocytes
To compare the differences of lipid metabolism and glucose utilization between porcine i.m. and s.c. preadipocytes, we determined the contents of cytosolic triglycerides (index of lipogenesis), glycerol release (index of lipolysis) and glucose utilization at various time points of differentiation. The results of glucose assay revealed that i.m. and s.c. preadipocytes consumed glucose in different manners. The glucose utilization decreased in i.m. preadipocytes and increased in s.c. preadipocytes in a time-dependent manner ( Fig.  1 A) . From day 0 to day 3 of differentiation, the glucose uptakes in i.m. preadipocytes were significantly higher than those in s.c. adipocytes (P<0.01, or P<0.05) (Fig. 1 A) . In contrast to glucose consumption, glycerol release to culture medium by i.m. and s.c. preadipocytes changed in a similar manner: it increased gradually and peaked on day 5 of differentiation and then declined (Fig. 1 B) . The concentrations of glycerol on day 5 (P<0.05) and day 7 (P<0.001) of differentiation in culture medium of i.m. preadipocytes were higher than those of s.c. preadipocytes (Fig. 1 B) . preadipocytes were significantly higher than those of s.c. preadipocytes (Fig. 2 A) . Another glucose transporter, GLUT4, however, changed in a similar manner in these two kinds of cells and mRNA level on day 3 of differentiation (P<0.01) in s.c. preadipocytes was higher (Fig.  2 B) . The mRNA level of pyruvate kinase, PKM2, in i.m. preadipocytes (non-differentiated cells) was significantly higher than that in s.c. preadipocytes (P<0.05) and higher mRNA level was found in s.c. preadipocytes on day 3 of differentiation ( Fig. 2 C) . The mRNA levels of PDK4 in these two kinds of cells increased gradually during differentiation and the mRNA levels in i.m. preadipocytes were significantly higher than those in s.c. preadipocytes on day 5 (P<0.001) and day 6 (P<0.01) of differentiation (Fig. 2 D) . The PDK4 protein level in i.m. preadipocytes was also higher than that in s.c. preadipocytes on day 5 (P<0.01) (Fig. 3 A, E) .
The mRNA levels of LPL in s.c. preadipocytes were significantly higher than those in s.c. preadipocytes from day 2 to day 6 of differentiation (P<0.05) (Fig. 2 E) . The change of FAT mRNA expression levels in s.c. preadipocytes was similar to that of LPL and the mRNA levels of FAT on day 3 (P<0.001) and day 5 (P<0.01) of differentiation were higher than those in i.m. preadipocytes (Fig. 2 F) . The mRNA levels of ACC and FASN increased more quickly in s.c. preadipocytes than that in i.m. preadipocytes, and the levels in s.c. preadipocytes on day 3 of differentiation were significantly higher(P<0.001, or P<0.05) (Fig. 2 G, H) . The level of FASN protein in s.c. preadipocytes was higher on day 3 but significantly lower on day 5 (P<0.01) of differentiation than those in i.m. preadipocytes (Fig. 3 A, B) . Both ATGL and HSL in s.c. preadipocytes had higher mRNA levels than those in i.m. preadipocytes on day 3 of differentiation (P<0.001), whereas ATGL and HSL in s.c. preadipocytes on day 5 (Fig. 2 I, J) . Just like mRNA, ATGL protein was higher on day 3 but lower on day 5 of differentiation in s.c. preadipocytes than those in i.m. preadipocytes (Fig. 3 A, C) . Though no significant difference was confirmed, the levels of SREBP1 protein were both higher on day 3 and day5 of differentiation in s.c. preadipocytes than those in i.m. preadipocytes (Fig. 3 A, D) . The Perilipin (PLIN) protein level in i.m. preadipocytes on day 5 of differentiation was higher than that in s.c. preadipocytes (Fig. 3 A, E).
The expression patterns of the genes involved in BMP-Smad signaling pathway were consistent with those of the genes related to preadipocytes differentiation
The mRNA levels of BMP2 in s.c. preadipocytes were significantly higher than those in i.m. preadipocytes on day 2 (P<0.05) and day 3 (P<0.01) of differentiation (Fig. 4 A) , whereas the mRNA levels of BMP4 in i.m. preadipocytes were higher (P<0.05) than those in s.c. preadipocytes at the late stage of differentiation (Fig. 4 B) . The mRNA levels of the genes in the downstream of BMP-Smad signaling pathway, such as BMPRIA, BMPRIB, BMPRII, Smad1, and Smad4 (Fig. 4 C~G) , changed in a similar manner in both i.m. and s.c. preadipocytes during differentiation. The highest mRNA levels of these genes were found in s.c. preadipocytes on day 3 of differentiation and significant differences were confirmed between i.m. and s.c. preadipocytes (P<0.05, or P<0.01). In contrast, in i.m. preadipocytes, the highest mRNA levels of these genes were observed on day 5 of differentiation. Similar patterns were found in genes related to preadipocytes differentiation such as PPARγ, C/ EBPα, and FABP5 (Fig. 4 H~J) . 
Effects of BMPs on the differentiation of i.m. and s.c. preadipocytes
In order to determine the effects of BMP2 and BMP4 on the differentiation of porcine i.m. and s.c. preadipocytes, we added various doses of BMP2 and BMP4 into the medium and measured the content of cytosolic triglycerides. As shown in Fig. 5 A and 5 C, BMP2 other than BMP4 significantly (P<0.05) increased cytosolic triglycerides content in i.m. preadipocytes in a dose-dependent manner. In contrast, the accumulations of cytosolic triglycerides in s.c. preadipocytes was not influenced by BMP2 and BMP4 (Fig. 5 B, D) Inhibition of BMP signaling prevented the fat accumulation of porcine i.m. adipocytes BMP signaling pathway antagonists, such as Noggin and Compound C, were applied to investigate the effects of inhibition of BMP signaling pathway on the differentiation of porcine i.m. and s.c. preadipocytes. Our findings revealed that BMP signaling pathway antagonists (Noggin and Compound C) significantly (P<0.05) decreased cytosolic triglycerides in i.m. adipocytes in a dose-dependent manner (Fig. 5 E, G) . In contrast, Noggin and Compound C 
BMP2 and BMP4 shRNA treatment decreased the expressions of the genes involved in BMP-Smad signaling pathway and preadipocytes differentiation
In addition to pharmacological inhibition of BMP signaling by Noggin and Compound C, we used the shRNA to decrease endogenous BMP2 and BMP4 mRNA expression and observed the effects on the expressions of the genes involved in BMP-Smad signaling pathway and preadipocytes differentiation. i.m. and s.c. preadipocytes stably expressed control, BMP2, and BMP4 shRNA were respectively obtained after Puromycin selection for 10 days. As shown in Fig. 6 A and B, BMP2 and BMP4 shRNA inhibited the mRNA levels of BMP2 and BMP4 in both i.m. and s.c. preadipocytes to some extent. However, they dramatically decreased the mRNA levels of BMPRIA (Fig. 7 A, B) and BMPRIB (Fig. 7 C, D) in both i.m. and s.c. preadipocytes (P<0.05, P<0.01, or P<0.001). In addition, BMP2 shRNA could significantly reduce the mRNA levels of Smad1 (Fig. 7 E, F) and Smad4 (Fig. 7 G, H) in both two kinds of cells (P<0.05). BMP4 shRNA significantly repressed the mRNA expression levels of Smad4 in s.c. preadipocytes (P<0.05) (Fig. 7 H) , while it had no significantly inhibition effect on the expression of Smad4 in i.m. preadipocytes as well as on Smad1 expression in the two kinds of cells. Interestingly, the mRNA levels of PPARγ in i.m. and s.c. preadipocytes were both dramatically inhibited by BMP2 and BMP4 shRNA (P< 0.05, or P< 0.001) (Fig. 7 I, J) .
Discussion
The present study provided some new information about the difference between porcine i.m. preadipocytes and s.c. preadipocytes on glucose utilization, lipid metabolism and BMP-Smad signaling pathway.
With this in vitro culture system, the obtained results revealed that the utilization of glucose at early differentiation stage in i.m. preadipocytes was significantly higher than that in s.c. preadipocytes. According to this finding, the critical genes of glycolysis, pyruvate kinase muscle isoform 2 (PKM2) were found to be highly expressed in i.m preadipocytes at early differentiation stage, suggesting that the glycolysis was active in i.m adipocytes. These results, together with early findings in bovine adipose tissue culture [10] , indicated that i.m. adipocytes mainly utilized glucose for lipogenesis at the early stage of differentiation. In contrast, Gardan et al. found that in presence of insulin, glucose incorporation into lipids was lower (P<0.05) in i.m. adipocytes than in s.c. adipocytes [31] . The reason for the opposite results obtained by Gardan et al. and us might be interpreted in two aspects. Firstly, the cells was not the same. In Gardan's work, the adipocytes isolated from trapezius muscle are mature adipocytes, and the glucose uptake of these cells were conducted in an acute experiment. In our experiment, however, we isolated preadipocyte from longissimus dorsi muscle and subcutaneous adipose tissue to compare the differences between intramuscular and subcutaneous preadipocytes during the whole differentiation period. Secondly, the age of the pigs was different (80 days vs. 5-7 days), which might affect the utiliazation of glucose by i.m. preadipocytes.
Glucose is an important material for the biosynthesis of triglycerides in adipose [32] and GLUT4 is generally regarded as a key glucose transporter in adipocytes [33, 34] . However, in the present study, we found that the expression level of GLUT4 in i.m adipocytes was not higher but even lower than that in s.c. adipocytes in the early stages of differentiation. On the contrary, the expression levels of GLUT1 in i.m. adipocytes at the beginning and the late phase of differentiation (day 5) were significantly higher than that in s.c. adipocytes. The previous study in bovine intramuscular preadipocytes also indicated that, the GLUT1 protein was significantly increased during differentiation, whereas the GLUT4 protein remained undetectable [35] . Combined with the results obtained in our paper, it was suggested that i.m. preadipocytes might utilize glucose through GLUT1 other than GLUT4.
It was reported that, in some condition where GLUT4 was repressed, such as Type II diabetes, GLUT1, which was widely expressed in multiple tissues and accounted for basic glucose transport [36, 37] , could compensate for glucose transport [38] . Moreover, special attention was paid to the relationship between adipocyte and muscle in diabetes [39] [40] [41] and recent reports showed that co-culture with adipocytes could modify glucose and lipid metabolism of skeletal muscle [42, 43] . Therefore, the high level of GLUT1, large consumption of glucose, and special location might make i.m. adipocytes the potential target for treatment of diabetes.
In contrast to i.m. adipocytes, s.c. adipocytes were found to mainly used fatty acids for lipogenesis [10] , and grew faster and accumulated more lipids than i.m. adipocytes [7, 8] . Our previous study also revealed that s.c. adipocytes accumulated more triglyceride than i.m. adipocytes during differentiation [9] . In agreement with this finding, we observed that the mRNA levels of genes related to lipogenesis such as LPL, FAT, ACC, and FASN, were increased more quickly and had higher expression levels in s.c. preadipocytes than those in i.m. preadipocytes in early stages. In the late stages, the mRNA levels of these genes in s.c preadipocytes were indistinguishable from those in i.m preadipocytes except for mRNA level of LPL, which was persistently increased in s.c preadipocytes (Fig. 2 E~H and Fig. 8) . The higher mRNA level of LPL in s.c. preadipocytes agreed with the results obtained in some other previous studies [44, 45] . Based on the high levels of LPL and FAT and the previous finding that s.c. adipose mainly utilized acetic acid for fatty acid synthesis [10] , we speculated that porcine s.c. adipocytes, in contrary to i.m. adipocytes, predominantly utilized exogenous fatty acid for lipid synthesis, especially at the late stages of differentiation.
In addition to lipogenesis, lipolysis also plays an important role in the accumulation of lipids in adipocytes. Interestingly, we found that the content of glycerol in culture medium obtained from i.m. adipocytes was significantly higher than that from s.c. adipocytes. In coincide with this finding, the expression levels of ATGL and HSL in i.m. preadipocytes on day 5 of differentiation were all significantly higher than those in s.c. preadipocytes. The higher level of lipolysis in i.m. preadipocytes at the late stages of differentiation might be responsible for the residual less lipids in these cells.
Our previous study demonstrated that the expression levels of BMP4 and BMP7 in i.m. adipocytes were both higher than those in s.c. adipocytes [9] . In addition, BMP-Smad signaling has been proved to play an important role in the development of adipocytes [46] [47] [48] [49] . So we wondered whether this signaling pathway played different roles in the two populations of cells. By using real-time quantitative PCR, we found that the expression patterns of the genes related to BMP-Smad signaling pathway, such as BMP2, BMPRIA, BMPRIB, BMPRII, Smad1, and Smad4, as well as the genes related to adipocytes differentiation, including PPARγ, C/ EBPα, and FABP5, were very similar during the differentiation of i.m. and s.c. preadipocytes. The mRNA levels of these genes were all increased quickly in s.c. preadipocytes and peaked on day 3 of differentiation. In s.c. preadipocytes, they were increased slowly and peaked on day 5 of differentiation ( Fig. 4 and Fig. 8) . These results strongly implied that BMP-Smad signaling pathway might participate in the differentiation regulation of both i.m. and s.c. preadipocytes.
Furthermore, we found that BMP2 could significantly increase the content of cytosolic triglycerides of i.m. preadipocytes (Fig. 5 A, E) , and this proadipogenic effect was in consistent with those found in preadipocyte cell lines or MSCs [18, 50, 51] . Meanwhile, Noggin and Compound C, two antagonists of BMP-Smad signaling pathway [18, 52] , significantly decreased the lipid accumulation in i.m. preadipocytes (Fig. 5 E, G) . In s.c. preadipocytes, however, these four agents had no significant effect on the accumulation of lipids. Due to the limit of the replicate, the variation of the results cannot be ignored. However, these findings suggested that the differentiation of i.m. preadipocytes was more dependent on BMP-Smad signaling pathway than s.c. preadipocytes. Moreover, by using RNA interference strategy, we found that BMP2 and BMP4 shRNA had slightly effects on the expression of BMP2 and BMP4 in i.m. and s.c. preadipocytes. However, BMP2 and BMP4 shRNA significantly reduced the mRNA levels of the genes in the downstream of BMP-Smad signaling pathway, and dramatically reduced the mRNA levels of PPARγ. And the reason for the knockdown results of BMP2 and BMP4 being not statistically different might be mainly due to the limit of the replicates of samples and the experimental error in real-time PCR assay. Another possibility, though scarce, is that the sequences detected by qRT-PCR are not the target sites of shRNA, and have not been completely and efficiently digested, since different sites of mRNA away from the target site of siRNA have been shown to be digested at different rates [53] . Together with the results above, we inferred that BMP-Smad signaling pathway regulated the differentiation of both i.m. and s.c. preadipocytes and that the differentiation of i.m. pradipocytes seemed to be more dependent on this signaling pathway than s.c. preadipocytes.
Our previous work [9] and the present study have revealed different features between i.m. and s.c. adipocytes during differentiation. These findings showed that glucose and fatty acids might be differently utilized as sources of triglyceride synthesis by the two cells, and that the differentiation program, triggered by a lot of genes such as BMPs, PPARγ, and C/ EBPα, in s.c. adipocytes began more early than i.m. adipocytes when responding to the same adipogenesis reagent (Fig. 8) . These features may account for the different developmental rates of these two populations of cells in vitro as well as in vivo. Although the proportion of i.m. adipocyte in animal as well as human body is much smaller than that other depots of adipocytes, it is well documented that i.m. adipose is strongly associated with insulin resistance or Type 2 diabetes [54] [55] [56] . It is proved that i.m. adipose can change the metabolism feature of muscle by fatty acids flux [57, 58] and cause Type 2 diabetes. Our present study showed that ATGL and HSL, two genes involved in lipolysis, were highly expressed in mature i.m. adipocytes (Fig. 2, Fig. 3, and Fig. 8) . Furthermore, the development of i.m. adipocytes seemed to be more dependent on BMP-Smad signaling pathway (Fig. 5 ). According to these findings, to manipulating some relevant genes in i.m. adipocytes may be a new way for treatment of Type 2 diabetes.
In conclusion, our present study demonstrated that i.m. and s.c. preadipocytes accumulated lipids in two distinct manners: i.m. preadipocytes mainly utilized glucose whereas s.c. preadipocytes predominantly used exogenous fatty acid for lipids synthesis. The expressions of GLUT1 and LPL in these two cells might account for this difference respectively. The special feature of i.m. adipocytes implied that these cells might be a potential target for treating diabetes. Furthermore, the expression differences of the genes related to lipid metabolism and terminal differentiation between i.m. and s.c. preadipocytes were defined by the upstream signals, in which the BMP-Smad signaling pathway played a critical role (Fig. 8) .
